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F
luorescent semiconductor nanocryst-
als, generally referred to as quantum
dots (QDs) for the quantum confine-

ment effect in these nanomaterials, have
attracted much attention for their serving
as optical probes in biomedical and other
applications.1,2 Among the most popular
QDs, some of which are now commercially
available, are those based on cadmium salts,
especially CdSe/ZnS core�shell nanostruc-
tures with various surface coatings for or-
ganic or aqueous compatibilities.3�5 Strong
cases have been made in the literature on
using QDs to replace organic dyes and in
some applications genetically encoded
fluorescent tags.1,2,6 Among many widely
considered advantageous properties of
conventional semiconductor QDs, a unique
feature due to the quantum confinement
effect is the beautiful display of different

fluorescence colors for QDs of different
sizes. However, the defined color�size de-
pendence also limits any dot size variation
for a specific fluorescence color. For the
more established CdSe/ZnS QDs with the
necessary surface coating (for solubility
and/or compatibility needs) as fluorescence
probes, the probe size profiles are typically
on the order of 10 nm in diameter.6�8 There-
fore, there has been increasing interest in a
reduction of the probe size, targeting similar
size profiles to those of many commonly
used fluorescent proteins (green fluorescent
protein, or GFP, for example),9 for which strat-
egies such as the use of a thinner coating on
the QD surface have been pursued.1,10�12

In terms of application potential, ultra-
compact probes (referring to structurally
compact and very small in the overall probe
size) offer additional and sometimes unique
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ABSTRACT There has been much discussion on the need to develop

fluorescent quantum dots (QDs) as ultracompact probes, with overall size

profiles comparable to those of the genetically encoded fluorescent tags.

In the use of conventional semiconductor QDs for such a purpose, the

beautifully displayed dependence of fluorescence color on the particle

diameter becomes a limitation. More recently, carbon dots have emerged

as a new platform of QD-like fluorescent nanomaterials. The optical absorp-

tion and fluorescence emissions in carbon dots are not bandgap in origin,

different from those in conventional semiconductor QDs. The absence of

any theoretically defined fluorescence color - dot size relationships in carbon dots may actually be exploited as a unique advantage in the size reduction

toward having carbon dots serve as ultracompact QD-like fluorescence probes. Here we report on carbon dots of less than 5 nm in the overall dot diameter

with the use of 2,20-(ethylenedioxy)bis(ethylamine) (EDA) molecules for the carbon particle surface passivation. The EDA-carbon dots were found to be

brightly fluorescent, especially over the spectral range of green fluorescent protein. These aqueous soluble smaller carbon dots also enabled more

quantitative characterizations, including the use of solution-phase NMR techniques, and the results suggested that the dot structures were relatively

simple and better-defined. The potential for these smaller carbon dots to serve as fluorescence probes of overall sizes comparable to those of fluorescent

proteins is discussed.

KEYWORDS: carbon dots . fluorescence . green fluorescence protein (GFP) . quantum dots . bioimaging . molecular probes .
ultracompact probes . functionalized nanoparticles

A
RTIC

LE



LECROY ET AL . VOL. 8 ’ NO. 5 ’ 4522–4529 ’ 2014

www.acsnano.org

4523

opportunities, with specific biologically relevant exam-
ples including their less interference with or perturba-
tion to the biological events in the cells being
probed13�15 and more favorable renal clearance, for
which a threshold probe size around 5.5 nm was
determined.16 There were also studies in which issues
with the use of larger nanoparticles were identified,
such as their accumulation in leaky vasculature or in
solid tumors, thuspotentially inhibiting clearance and in-
creasing the likelihood of long-term toxicity effect.17�19

Most of the recently pursued ultracompact probes
were based on metal or metal oxide nanoparticles,
especially sub-5 nm gold nanoparticles20,21 and gado-
linium or iron oxide nanoparticles for MRI tracking
applications.22,23 As a demonstration on the critical effect
of probe size, gold nanoparticles of 2.4 nm in diameter
were found in the cell nucleus, 5.5�8.2 nm in the
cytoplasm, and 16 nm or larger mostly outside the cell.21

Carbon dots have emerged as a new platform of
QD-like fluorescent nanomaterials,24 with competitive
optical performance under one- and multiphoton ex-
citation conditions and their being generally nontoxic
in nature.25�39 Presently more fluorescent carbon dots
are those of small carbon nanoparticles with the
particle surface passivated by chemical functionaliza-
tionwith oligomeric or polymeric species. For example,
with the oligomeric poly(ethylene glycol) diamine
(PEG1500N) as surface passivation agent, the PEG1500N-
carbon dots exhibited fluorescence quantum yields
of more than 50%.34 Mechanistically, both the optical
absorption and fluorescence emissions in carbon dots
are not band gap in origin, due instead to π-plasmon
and radiative recombination of the surface-confined
electrons and holes, respectively,39,40 different from
those in conventional semiconductor QDs. The ab-
sence of any theoretically defined fluorescence color�
dot size relationships in carbon dots may actually be
exploited as a unique advantage in the size reduction
toward having carbon dots serve as ultracompact
QD-like fluorescence probes. More specifically, there
has been extensive recent discussion on the push to
reduce the sizes of fluorescence probes (mostly those
based on conventional semiconductor QDs with
the necessary surface coating) to less than 5 nm in
diameter.9 In this regard, the PEG1500N-carbon dots
referred to above had an average core carbon nano-
particle size of about 3 nm,34 but the overall dot
profiles were on average significantly larger due to
the use of the relatively large PEG1500N molecules
(average molecular weight ∼1500) for carbon particle
surface passivation via chemical functionalization. The
expectation was such that a reduction in the size of the
surface functionalization molecules would not only
add less to the overall profile (the core carbon nano-
particleþ surface passivation layer) of each carbon dot
but also be more selective toward the solubilization
of smaller carbon nanoparticles in the dot synthesis,

resulting in smaller carbon dots and their correspond-
ing fluorescence probes.
Here we report on carbon dots of less than 5 nm in

overall dot diameter with the use of 2,20-(ethylenedioxy)-
bis(ethylamine) (EDA, H2NCH2CH2OCH2CH2OCH2CH2NH2)
molecules for carbon particle surface functionalization�
passivation (Figure 1). The EDA-carbon dots were found
to be brightly fluorescent, especially over the GFP spec-
tral range. These aqueous soluble smaller carbon dots
also enabled more quantitative characterizations, in-
cluding the use of solution-phase NMR techniques, and
the results suggested that the dot structures were
relatively simple and better defined. The potential for
these smaller carbon dots to serve as fluorescence
probes of overall sizes comparable to those of fluor-
escent proteins (Figure 1)41�43 is also discussed.

RESULTS AND DISCUSSION

Precursor carbon nanoparticles were obtained from
the commercially supplied sample of carbon nano-
powders in a procedure that included refluxing the
as-supplied sample in an aqueous nitric acid solution,
dialysis, centrifuging to retain the supernatant (with a
higher population of smaller particles), and then the
removal of water.34 The nanoparticles were functiona-
lized with EDA molecules under amidation reaction
conditions. Briefly, the sample of carbon nanoparticles
was first refluxed in neat thionyl chloride and then
mixed well with carefully dried EDA (liquid at ambient
temperature). The mixture was heated to 120 �C and
vigorously stirred for the reaction under nitrogen
protection. The reaction mixture was dispersed in
water for centrifugation to retain the supernatant, fol-
lowed by purification through a gel column (packed
in-house by using commercially supplied Sephadex
G-100 gel)44 to isolate the targeted carbon dots
(EDA-functionalized carbon nanoparticles, Figure 1)
of bright fluorescence emissions. The carbon dots
sample was further purified in dialysis against fresh
water to remove residual small molecular species
including free EDAmolecules, yielding a clean aqueous
solution of the purified carbon dots (designated as

Figure 1. Cartoon illustration (left) of an EDA-carbon dot,
which is essentially a special “core�shell” nanostructure
with a small carbon nanoparticle as the core and a soft shell
of tethered EDA molecules, and (right) green fluorescent
protein with the size profile highlighted.
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EDA-carbon dots). According to results from the
quantitative optical absorption measurement of the
EDA-carbon dots (Figure 2), in which the amount of
core carbon nanoparticles was calculated with the
separately determined molar absorptivity values45

and the amount was compared to that of the precursor
carbon nanoparticles, the estimated overall reaction
yield was around 10% (the percentage of the precursor
carbon nanoparticles converted to the core carbon
nanoparticles in the final purified EDA-carbon dots).
The EDA-carbon dots were characterized by using

atomic force microscopy (AFM) for the determination
of overall dot sizes. The AFM specimen was prepared
by dropping an aqueous solution of a selected dot
concentration onto the mica surface, followed by the
evaporation of water. Shown in Figure 3 are represen-
tative AFM imaging results for the EDA-carbon dots, in
which according to height analyses an overwhelming
majority of the dots were less than 5 nm in diameter.
Multiple AFM images were used in the same height
analyses to produce a data set for about 280 dots, and
as also shown in Figure 3, the statistical analysis with a
simpleGaussian function yielded an average dot size of
4.1 nm. The results are consistent with the expectation
that the EDA-carbon dots should be smaller than the
PEG1500N-carbon dots, which averaged around 5 nm in
diameter according to previous investigations.34,39 The
conclusion is also supportedby the results from transmis-
sion electron microscopy (TEM) imaging experiments.
For the PEG1500N-carbon dots reported previously,

the TEM imaging enabled the size characterization of
the core carbon nanoparticles, averaging 3 nm in
diameter,34 as the organic surface functionalization
molecules (PEG1500N) were largely transparent in con-
trast with the carbon core. For some dots in which the
core carbon nanoparticles were more crystalline, the
size measurements could also benefit from the more
defined lattice fringes (Figure 3). However, in order to
apply the TEM imaging to the determination of overall
size profiles that include the surface passivation layer in
carbondots (Figure 1), the approach of doping the dots

withmaterials of high electron density has found some
success.46 In this work the EDA-carbon dots were
doped with gold metal in a simple photolysis proce-
dure, with visible-light photoirradiation of the dots in
an aqueous solution of the Au(III) compound HAuCl4.

46

The gold-doped dots were readily detected in TEM
imaging for the improved dispersion into individual
dots on the TEM grid, in addition to the increased elec-
tron densities. The TEM images (Figure 3) thus ob-
tained were consistent with the AFM results (Figure 3),
which suggested that the EDA-carbon dots should be
mostly less than 5 nm in diameter for the overall dot
profiles including the surface passivation layer of teth-
ered EDA molecules.
The optical transitions in carbon dots are due to

the π-plasmon absorption of the core carbon nano-
particles, namely, the “chromophores” in the dots.45

The absorption (Figure 2) is relatively strong, with

Figure 2. Absorption (ABS) and fluorescence (FLSC, 400 nm
excitation) spectra of the EDA-carbon dots (� and - - - for
ABS of a concentrated solution) and the 13C-enriched EDA-
carbon dots (- 3 - 3 -).

Figure 3. (Top) AFM imaging results for the EDA-carbon
dots on mica substrate, with height profiles of some dots
along the line highlighted. (Middle) (left) Size distribution
based on height analyses of multiple AFM images, fitted
with the Gaussian distribution curve, and (right) a high-
resolution TEM image illustrating the carbon core in a
carbon dot.34 (Bottom) TEM image of the gold-doped
EDA-carbon dots.
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the observed per-carbon molar absorptivities of
50�100 MC atom

�1 cm�1 in the 400�450 nm region,
where MC atom denotes molar concentration in terms
of carbon atoms in the core carbon nanoparticles
(assuming no other elements) for the carbon dots in
a solution. For a carbon core size of 3 nm in diameter,
the number of carbon atoms in the core was estimated
to be around 1700, thus per-dot molar absorptivities
of approximately 85 000�170 000 MC‑particle

�1 cm�1

for the samewavelength region, whereMC‑particle refers
to the molar concentration of the carbon dots with
3 nm diameter carbon cores. The per-dot molar ab-
sorptivities should obviously be sensitive to the dot
diameter. For example, the EDA-carbon dots with a
carbon core of 3.5 nm in diameter would have absorp-
tivities up to approximately 250 000 MC‑particle

�1 cm�1.
These estimates accounted for only carbons in the
nanoparticle cores (again the visible chromophores)
in the carbon dots, with the carbons in EDA molecules
excluded for their being nonabsorptive in the visible
spectral region.
The fluorescence spectrum of the EDA-carbon dots

in aqueous solution, with excitation at 400 nm, is also
shown in Figure 2. It is relatively broad, similar to those
of carbon dots with other surface-functionalization
molecules. The green fluorescence emissions are asso-
ciatedwith quantum yields around 30%, determined in
reference to 9,10-bis(phenylethynyl)anthracene as a
standard (quantum yield of unity, calibrated against
the quinine sulfate standard).47,48 The fluorescence
properties of the EDA-carbon dots were apparently
stable with respect to further sample purification effort
on removing any loosely attached EDAmolecules from
the carbon dots in vigorous dialysis. Both the fluores-
cence spectrum and quantum yield remained the
same after the repeated dialysis procedures, suggest-
ing that the aqueous dispersed EDA-carbon dots were
structurally robust, with the EDA functionalization on
the dot surface being either covalent or associated
with bonding-like strong interactions. More generally,
the EDA-carbon dots are similar to the more exten-
sively studied PEG1500N-carbon dots in terms of excel-
lent chemical and photochemical stabilities.
In molecular imaging and related uses, the perfor-

mance of fluorescence probes is often measured in
terms of the relative brightness, expressed as (molar
absorptivity) � (fluorescence quantum yield). For the
EDA-carbon dots of the carbon core at 3 nm in diam-
eter, the corresponding fluorescence probes of less
than 5 nm in diameter and with green fluorescence
emissions could have a relative brightness as high as
50 000. As a rough comparison, the relative brightness
values quoted in the literature on the commonly used
GFP and derivatives are on the order of 30 000.49

Structurally an EDA-carbon dot is simply a small
carbon nanoparticle with a thin layer of tethered
EDA molecules on the particle surface (Figure 1). The

aqueous dispersion of EDA-carbon dots is solution-
equivalent in appearance and in properties, suitable for
solution-phase NMR characterizations. The 1H NMR
spectrum of the EDA-carbon dots (Figure 4), due to
the tethered EDA molecules on the dot surface, shows
broader signals than those in the spectrum of free EDA,
consistent with the reduced mobility of the EDA
molecules attached to carbon nanoparticles. Also con-
sistent with the attachment is the lower symmetry for
the particle-bound EDA species, with 1H NMR signals
for the three sets of protons in free EDA (Figure 4, γ:
singlet, β: triplet, andR: triplet) split intomultiple peaks
in two groups, one for γ and β protons and the other
for R protons (Figure 4). The relative integrations be-
tween γþβ and R proton signals are about 2.3 to 1,
larger than the theoretical ratio of 2 to 1. A question
was then on the assignment of the signal around
3.5 ppm, namely, the possibility for its being due to R
protons. Such a possibility could be eliminated on the
basis of correlation spectroscopy (COSY) results, which
clearly identified the coupling of the broad 3.5 ppm
signal with those of the R protons. Therefore, an
alternative explanation is such that the NMR signal
integration for the R protons is distorted by these
protons being closer to the core carbon nanoparticles
in the carbon dots. The 13C NMR spectrum of the EDA-
carbon dots (Figure 4) shows similarly two groups of
peaks, again one for γ and β carbons and the other for
R carbons, but no meaningful peaks that could be
assigned to the core carbon nanoparticles. Results
from the FT-IR characterization were generally consis-
tent with the NMR results. The carbon nanoparticles

Figure 4. (Top) 1H NMR spectrum of the EDA-carbon dots.
(Bottom) 13C NMR spectrum of the EDA-carbon dots and
(inset on the left) the lower-field portion of the spectrum for
the 13C-enriched EDA-carbon dots.
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before the EDA functionalization exhibited only weak
absorptions in the 1550�1750 cm�1 region, suggest-
ing the presence but low population of oxygen-
containing moieties (such as carboxylic acids). These
absorption features could still be identified in the
spectrum of the EDA-carbon dots, although only to a
rather limited extent due to their overlapping with the
more substantial absorption of EDA over the same
spectral region (1400�1700 cm�1).50,51 Overall the
FT-IR spectrum of the EDA-carbon dots is similar to
that of EDA molecules in terms of major spectral
features, but with some peak broadening probably
due to the association of EDA with carbon nanoparti-
cles in the carbon dots. Therefore, the FT-IR results
were not as useful as desired in the elucidation of
structural details, but overall did seem to suggest that
there were no significant changes to the EDA chemical
structure, such as those that might create visible
chromophores, as a result of the functionalization
chemistry (probably as expected for the rather mild
reaction conditions).
Further 13C NMR characterization was on the simi-

larly prepared EDA-carbon dots with the core carbon
nanoparticles 13C-enriched. Experimentally, the carbon
soot sample containing 13C-enriched carbon nano-
particles was produced in the arc-discharge of two
graphite rods, one of which wasmade hollow and then
filled with a mixture of commercially supplied 13C
powders and graphite cement.31 According to quanti-
tative Raman spectral shift measurements, the precur-
sor carbon nanoparticles for the functionalization
with EDA molecules had a 13C content of 10�15%,
and the same 13C enrichment in the resulting car-
bon dots should be expected. As compared in Figure 2,
the absorption and fluorescence spectra of the
13C-enriched EDA-carbon dots are rather similar to
those without the 13C enrichment. For the 13C NMR
results of the 13C-enriched EDA-carbon dots, there are
no additional peaks in the aliphatic region nor any
detectable aromatic signals (Figure 4). The relatively
weak but meaningful peaks in the 175�160 ppm
region (Figure 4) may be assigned to carbonyl carbons
on the core carbon nanoparticles. However, since
smaller carbon nanoparticles are expected to have
more diverse surface defects or carbon sites, the 13C
NMR signals of the EDA-carbon dots, whose carbon
cores are definitely at the smaller side, are subject to
more significant broadening effects. Therefore, the
observed carbonyl signals likely represent only some
in the minority that could be detected. The results are
informative in the sense that they are consistent with
the expected diverse carbon environment on the core
carbon nanoparticle surface.
It is interesting that the functionalization results

for the precursor carbon nanoparticles without and
with the 13C-enrichment were rather similar, as the nano-
particles were from different production methods,

laser processing for the commercially supplied sample
vs arc-discharge for the 13C-enriched sample. The
former is generally somewhat more crystalline than
the latter. Therefore, the nearly identical optical prop-
erties of their resulting EDA-carbon dots suggest sta-
bility with the synthesis method for more consistent
production of the carbon dots fromdifferent sources of
precursor carbon nanoparticles.
The EDA-carbon dots as ultracompact fluorescence

probes, with overall size profiles of less than 5 nm in
diameter, are not limited to green fluorescence only,
with emissions also observed in other colors at differ-
ent excitation wavelengths (Figure 5). Again for a
rough comparison, the fluorescent protein mCherry,
whose spectrum is also included in the figure, has a
similar size profile of around 4 nm.52 Previous results
suggested that the same carbon dots could be used for
fluorescence imaging at different colors, though not
with the same sensitivities.39 Further investigations
targeting color variations of bright fluorescence emis-
sions over the visible spectrum, such as the exploration
of other carbon nanoparticle surface passivation schemes,
whilemaintaining the overall size profiles of the carbon
dots are warranted, thus to take full advantage of their
different fluorescence emission mechanism from that
in conventional semiconductor QDs.
The development of ultracompact fluorescence

probes based on carbon dots offers significant values
both fundamentally and technologically. On the fun-
damental side, the experimental confirmation on the
preparation of the very small carbon dots of multiple
fluorescence colors in the visible spectrum serves to
support the existingmechanistic framework for carbon
dots, namely, that the fluorescence emissions are due
to the radiative recombination of the trapped or con-
fined electrons and holes from the initial charge se-
paration following the photoexcitation. The emission
colors may be affected by changes in the core carbon
nanoparticle size, with associated changes in the par-
ticle surface properties such as the surface curvature,

Figure 5. Fluorescence spectra of the EDA-carbon dots
excited at (from left to right, �) 440 nm (fluorescence
quantum yield ΦF ≈ 30%), 550 nm (ΦF ≈ 7%), and
600nm (ΦF≈ 3.7%),with spectra of thefluorescent proteins
GFP and mCherry also shown for comparison.
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trapping sites, different passivation effects, etc., but not
limited by any defined relationships as in conventional
semiconductor QDs. Therefore, it seems reasonable to
argue that the reduction of carbon dot size profile in
this work may represent just the beginning, with more
room for further miniaturization through the produc-
tion or harvesting from mixtures of even smaller
carbon nanoparticles for surface passivation by a
thinner layer of organic materials. Technologically,
the fluorescence probes of size profiles comparable
to or eventually smaller than those of the genetically
encoded fluorescent tags may open up many new
application opportunities, which should also benefit
from the other known properties of carbon dots, such
as physicochemical and photochemical stabilities,
nonblinking, and the intrinsically available organic
functional groups on the probe surface amenable to
bioconjugations and other purposes.
One of the applications targeted in the literature for

small fluorescence probes is in cell imaging.1,9 Previous
investigations demonstrated that carbon dots with the
surface passivation molecules containing abundant
aminomoietieswere readily taken upby cells, enabling
fluorescence imaging of the cells by using confocal or

multiphoton fluorescence microscopy techniques.39

Similar cellular uptake of the EDA-carbon dots may
be expected, and evaluations related to their potential
uses in fluorescence cell imaging will be pursued.

CONCLUSION

The reported work demonstrated that small PEG
diamine molecules could be used to functionalize
carbon nanoparticles to produce surface-passivated
carbon dots with optical properties similar to those of
the more extensively studied PEG1500N-carbon dots.
The results suggest generally excellent solubility char-
acteristics of carbon dots, as the passivation agent
layer in the overall structure of the EDA-carbon dots
is relatively small. Smaller functionalization molecules
are expected to be in favor of smaller carbon nano-
particles in the solubilization, resulting in more com-
pact carbon dots. In fact, the EDA-carbon dots were
found to be comparable in size to GFPs, with expanded
application potential in bioimaging and beyond. The
demonstration on the reduction in probe size without
sacrificing the intrinsic properties of carbon dots may
stimulate further investigations on the preparation of
bright fluorescent probes of even smaller footprints.

EXPERIMENTAL SECTION
Materials. Carbon nanopowder (<50 nm, purity 99þ%), 13C

powders (isotopic purity 99%), and 2,20-(ethylenedioxy)bis-
(ethylamine) were purchased from Sigma-Aldrich, and fine-
extruded graphite rods (carbon content 99þ%) from Graphi-
testore, Inc. Thionyl chloride (>99%) was obtained from Alfa
Aesar, nitric acid from VWR, and Sephadex G-100 gel from GE
Healthcare. Dialysis membrane tubing (cutoff molecular weight
500) was supplied by Spectrum Laboratories. Water was deio-
nized and purified by being passed through a Labconco Water-
Pros water purification system.

Measurements. Optical absorption spectra were recorded on
a ShimadzuUV2501-PC spectrophotometer. Fluorescence spec-
tra were measured on a Jobin-Yvon emission spectrometer
equipped with a 450 W xenon source, Gemini-180 excita-
tion and Tirax-550 emission monochromators, and a photon-
counting detector (Hamamatsu R928P PMT at 950 V). The
nonlinear instrumental responses at both excitation and emis-
sion sides of the spectrometer were corrected by using sepa-
rately determined correction factors with respect to different
excitation and emission wavelengths.48 Raman spectra were
obtained on a Jobin-Yvon T64000 Raman spectrometer
equipped with a Melles-Griot He�Ne laser (35 mW) for
632.8 nm excitation, a triple monochromator, a liquid-nitro-
gen-cooled symphony detector, and an Olympus BX-41 micro-
scopy for sampling. FT-IR spectra were collected on a Thermo-
Nicolet Nexus 670 FT-IR/NIR spectrometer, with the samples for
analysis deposited on the surface of a KBr crystal pellet. NMR
measurements were performed on a Bruker Avance 500 NMR
spectrometer. Atomic force microscopy images were acquired
in the acoustic ac mode on a Molecular Imaging PicoPlus AFM
system equipped with a multipurpose scanner and a Nano-
World point probe NCH sensor. The height profile analysis was
assisted by using the SjPIP software distributed by Image
Metrology. Transmission electron microscopy images were
obtained on a Hitachi H9500 TEM system.

13C-Enriched Carbon Nanoparticles. The carbon soot containing
the nanoparticleswas obtained in the arc-discharge production,
as reported previously.31 A graphite rod was made hollow and

then filled with a mixture of the commercially supplied 13C
powders and graphite cement. The discharge chamber was
purged with helium and then stabilized to 1 atm (101.325 kPa)
in a helium atmosphere. The rods were vaporized with a direct
current of 70 A (28 V). The as-produced carbon soot was col-
lected and dispersed in dimethylformamide (DMF) with ultra-
sonication (Crest Ultrasonics, model 950 DA, 50�60 Hz) for 24 h.
The DMFwas removed by evaporation, and the carbon particles
were recovered. The 13C content in the sample was estimated in
terms of Raman spectral shifts, as validated previously.31

EDA-Carbon Dots. The precursor carbon nanoparticles were
refluxed in an aqueous nitric acid solution (2.6 M) for 12 h,
dialyzed against fresh water, and then centrifuged at 1000g to
retain the supernatant. The recovered sample was refluxed in
neat thionyl chloride for 12 h. Upon the removal of excess
thionyl chloride, the sample (50 mg) was mixed well with
carefully dried EDA liquid (600 mg) in a round-bottom flask,
heated to 120 �C, and vigorously stirred under nitrogen protec-
tion for 3 days. The reaction mixture back at room temperature
was dispersed in water and then centrifuged at 20800g to retain
the supernatant. The solution was filtrated through a Sephadex
G-100 column (packed in house with commercially supplied gel
sample),39,44 and the colored section with high fluorescence
quantum yields was collected, followed by dialysis against fresh
water (dialysis tubing cutoff molecular weight 500) to yield an
aqueous solution of the EDA-carbon dots. 1H NMR (500 MHz,
D2O) δ 3.67 (m, br), 3.54 (m, br), 3.17 (m, br), 3.07 (m, br), 3.03
(m, br) ppm; 13C NMR (125 MHz, D2O) δ 164.76, 71.78, 70.33,
69.69, 67.85, 40.93, 39.45 ppm.

The 13C-enriched EDA-carbon dots were prepared from the
13C-enriched precursor carbon nanoparticles by following the
same experimental procedures. 1H NMR (500 MHz, D2O) δ 3.65
(m, br), 3.53 (m, br), 3.17 (m, br), 2.98 (m, br), 2.91 (m, br) ppm; 13C
NMR (125 MHz, D2O) δ 171.12, 164.81, 164.63, 161.56, 71.75,
70.34, 69.65, 69.61, 68.81, 40.98, 39.64 ppm.

For the gold metal doping of the EDA-carbon dots (for TEM
imaging), an aqueous dispersion of the EDA-carbon dots was
mixed with an aqueous solution of the Au(III) compound
HAuCl4, and the mixture was irradiated with visible light.46
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The doping level was kept relatively low, as monitored in terms
of the gold plasmon absorption band.
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